Although cyclic nucleotide-gated channels mediate sensory transduction in olfaction and vision, other forms of sensory transduction are independent of these channels. Caenorhabditis elegans cyclic nucleotide-gated channel mutants respond normally to some olfactory stimuli and to osmotic stimuli, suggesting that these chemosensory responses use an alternative sensory transduction pathway. One gene that may act in this pathway is osm-9, which is required for each of these responses as well as a mechanosensory response to nose touch. osm-9 encodes a protein with ankyrin repeats and multiple predicted transmembrane domains that has limited similarity to the Drosophila phototransduction channels transient receptor potential (TRP) and TRP-like (TRPL). The sequence of OSM-9 and other TRP-like genes reveals a previously unsuspected diversity of mammalian and invertebrate genes in this family. osm-9 is required for the activity of the predicted G-proteincoupled odorant receptor ODR-10, which acts in the AWA olfactory neurons; its similarity to other G-protein-regulated transduction channels suggests that OSM-9 is involved in AWA signaling. osm-9::GFP fusion genes are expressed in a subset of chemosensory, mechanosensory, and osmosensory neurons. osm-9 also affects olfactory adaptation within neurons that require the cyclic nucleotide-gated channel for olfaction; in these neurons, the gene has a regulatory function and not a primary role in sensory transduction.
Although cyclic nucleotide-gated channels mediate sensory transduction in olfaction and vision, other forms of sensory transduction are independent of these channels. Caenorhabditis elegans cyclic nucleotide-gated channel mutants respond normally to some olfactory stimuli and to osmotic stimuli, suggesting that these chemosensory responses use an alternative sensory transduction pathway. One gene that may act in this pathway is osm-9, which is required for each of these responses as well as a mechanosensory response to nose touch. osm-9 encodes a protein with ankyrin repeats and multiple predicted transmembrane domains that has limited similarity to the Drosophila phototransduction channels transient receptor potential (TRP) and TRP-like (TRPL). The sequence of OSM-9 and other TRP-like genes reveals a previously unsuspected diversity of mammalian and invertebrate genes in this family. osm-9 is required for the activity of the predicted G-proteincoupled odorant receptor ODR-10, which acts in the AWA olfactory neurons; its similarity to other G-protein-regulated transduction channels suggests that OSM-9 is involved in AWA signaling. osm-9::GFP fusion genes are expressed in a subset of chemosensory, mechanosensory, and osmosensory neurons. osm-9 also affects olfactory adaptation within neurons that require the cyclic nucleotide-gated channel for olfaction; in these neurons, the gene has a regulatory function and not a primary role in sensory transduction.
Key words: olfaction; C. elegans; mechanosensation; sensory transduction; signaling pathways; olfactory adaptation; TRP channels Sensory neurons transduce environmental stimuli via the activation of channels that differ by organism and by sensory system. One important class of sensory channels includes cAMP-and cGM P-gated channels. In the vertebrate visual system, photoactivation of the G-protein-coupled receptor rhodopsin results in closure of cGM P-gated channels (Stryer, 1991) . Olfactory transduction in vertebrates also begins with the activation of Gprotein-coupled receptors and is mediated by opening of cAM P-gated channels (Reed, 1992) . Mice mutant for the olfactory cyclic nucleotide-gated channel fail to generate electrical responses to all tested odorants, although the olfactory neurons are present and have normal passive membrane properties (Brunet et al., 1996) .
C yclic nucleotide-gated channels have also been implicated in chemosensation in the nematode Caenorhabditis elegans. C. elegans senses a large number of volatile attractants with two pairs of olfactory neurons designated AWA and AWC (Bargmann et al., 1993) . AWC olfactory responses may be mediated by a putative cyclic nucleotide-gated channel encoded by the tax-2 and tax-4 genes (Coburn and Bargmann, 1996; Komatsu et al., 1996) . The TAX-2/TAX-4 channel also participates in chemotaxis to water-soluble attractants (Dusenbery et al., 1975) and in thermotaxis (Mori and Ohshima, 1995) . TAX-2 and TAX-4 gene fusions are expressed in the sensory neurons that mediate these responses.
By contrast, sensory transduction in the AWA olfactory neurons seems to be independent of cyclic nucleotide-gated channels. The AWA olfactory neurons recognize attractive odorants using G-protein-coupled receptors, including the diacetyl receptor ODR-10 (Sengupta et al., 1996) . The cyclic nucleotide-gated channel encoded by tax-2 and tax-4 is not expressed in the AWA olfactory neurons, and tax-2 and tax-4 are not required for AWA olfactory responses. Thus, despite the similarity in the olfactory function of AWA and AWC neurons, different transduction molecules are required in each neuron. Identifying the alternative transduction molecules is of interest both in understanding this system and in identifying signaling molecules in other sensory neurons in which the transduction mechanisms are unknown, such as the vertebrate vomeronasal olfactory neurons.
Here we describe the molecular characterization of the osm-9 gene, which functions in AWA-mediated olfactory transduction, in the response to osmotic and nose-touch stimuli and in adaptation to olfactory stimuli. osm-9 affects the sensory neurons that are spared in tax-2 and tax-4 mutants, suggesting that osm-9 functions in an alternative sensory transduction pathway. osm-9 encodes a predicted six-transmembrane domain protein with similarity to the transient receptor potential (TRP) channel in Drosophila. It is expressed in sensory neurons that mediate chemosensory, osmosensory, and mechanosensory functions. The AWC olfactory neurons express both OSM-9 and the predicted C. elegans cyclic nucleotide-gated channel; osm-9 regulates olfactory adaptation but not olfactory transduction within these neurons.
MATERIALS AND METHODS
Strains and genetics. Wild-type worms were C. elegans variety Bristol, strain N2. Worms were grown at 20°C using standard methods (Brenner, 1974) . The following strains were used in this work: MT3567 osm-9(n1516) IV, MT3642 osm-9(n1603) IV, CX10 osm-9(ky10) IV, MT3665 osm-9(n1601) IV, CX3036 osm-9(ky161) IV, MT6317 osm-9(n2743) IV, CX2635 osm-9(ky10) IV; lin-15(n765ts) X, CX2851 lin-1(e1275ts) cha-1(p1152) IV, CB1896 unc-33(e204) dpy-13(e184) IV, and CX4 odr-7(ky4) X.
Behavioral assays, statistics, and cell ablations. Population chemotaxis assays were performed as described (Bargmann et al., 1993) . The chemotaxis index (CI) was calculated in the following way: CI ϭ (number of animals at attractant) Ϫ (number of animals at diluent)/(total number). Osmotic avoidance assays were performed as described by Vowels and Thomas (1994) using 4 M fructose as the repellent. Assays were compared by t tests using the Statview II program. The nose-touch response was assayed as described by Kaplan and Horvitz (1993) . At least five animals from each strain were tested for responses to three rounds of 10 nosetouch stimuli each. Wild-type animals responded to Ͼ80% of stimuli, whereas animals mutant for any of the six osm-9 alleles responded to Ͻ20% of stimuli.
Benzaldehyde avoidance was assayed as described by Troemel et al. (1995) . A 20 l microcapillary tube containing 2-3 l of benzaldehyde was placed immediately in front of a freely moving adult animal on a thin bacterial lawn, and the time until reversal was scored. If the animal did not reverse within 20 sec, the odorant was removed. Individual animals were tested up to eight times over 2 d, with at least 15 min of rest between two assays. For statistical analysis, assays were scored as positive if the animal reversed at all within the 20 sec interval, and the fraction that reversed was compared using 2 analysis. This analysis revealed a significant difference between wild-type and osm-9(k y10) animals ( p Ͻ 0.001), but no significant difference between osm-9(k y10) animals in which the ASH sensory neurons had been killed and intact osm-9(k y10) animals ( p Ͼ 0.05). Wild-type animals in which the ASH neurons were killed responded similarly to osm-9(k y10) animals (Troemel et al., 1995) (data not shown). Benzaldehyde avoidance of ta x -2(p691) animals was indistinguishable from that of wild-type animals (data not shown).
ASH sensory neurons were killed with a laser microbeam as described (Bargmann and Horvitz, 1991) , and cell deaths were confirmed by the absence of DiO filling of the ASH neurons in adult animals after testing was complete (Herman and Hedgecock, 1990) . Figure 1 . osm-9 mutants do not respond to the AWA-sensed odorants diacetyl and pyrazine. Animals were tested for chemotaxis to a point source of each odorant. Chemota xis Inde x (CI) ϭ (number of animals at odorant) Ϫ (number of animals at diluent)/(total number of animals). A CI of 1.0 indicates complete attraction; a CI of 0 indicates a random distribution of worms on the assay plate. Each data point represents the average of at least six independent assays using 100 -200 animals per assay. Error bars represent SEM. Odorants were diluted in ethanol; 1 l of diluted odorant was used in each assay. Odorants dilutions were 1:200 benzaldehyde, 1:1000 butanone, 1:100 isoamyl alcohol, 1:1000 2,4,5-trimethylthiazole, 1:1000 diacetyl, and 10 mg/ml pyrazine. AWC responses of osm-9(k y10) were normal across a f ull range of odorant concentrations and data not shown) .
Genetic mapping of osm-9. Genetic mapping was performed using the diacetyl chemotaxis defect of osm-9. osm-9(k y10) was mapped to the genetic interval between cha-1 and unc-33 on chromosome IV by the following data: osm9(k y10)/lin-1(e1275ts) cha-1(p1152), 50 of 52 Lin non-Unc recombinants segregated osm-9(k y10) animals; osm-9(k y10)/ unc-33(e204) dpy-13(e184), 98 of 102 Dpy non-Unc recombinants segregated osm-9(k y10) animals.
Molecular biolog y methods. Subcloning and general DNA manipulations were performed as described (Sambrook et al., 1989) . Nested deletions for DNA sequencing were generated using E xonuclease III (New England Biolabs, Beverly, M A). Subclones were sequenced using the f mol sequencing system (Promega, Madison, W I), as well as the Licor automated sequencing system. Sequence analysis was performed using Geneworks (IntelliGenetics, Mountain View, CA). Sequence comparisons were performed using the BL AST (basic local alignment search technique) network service to search the GenBank database (Altschul et al., 1990) .
Germline transformation. Germline transformation (Mello et al., 1991) osm-9 genomic and cDNA clones. The YAC Y44E2 spans the gap between unc-33 and cha-1 on the physical map. Y44E2 (ϳ200 kb in length) was purified by CH EF pulsed field electrophoresis and electroelution and was found to rescue the diacetyl chemotaxis defect of osm-9(k y10). Y44E2 DNA was used to screen approximately 10 5 plaques of a mixed-stage worm genomic library (A. Kamb, personal communication). Positive phage clones (116) were identified; DNA was prepared from these clones and injected in pools of five phage. A single rescuing phage of ϳ20 kb, designated 2-12, was identified; the smallest rescuing subclone of this phage was designated p [osm-9] and was ϳ14 kb in size. Three independent transgenic lines expressing p [osm-9] were found to be rescued for nose-touch responses (A. Hart, personal communication), osmotic avoidance, and diacetyl chemotaxis. Subcloning of the 2-12 phage f urther yielded a 7 kb partially rescuing DNA fragment designated p [osm-9⌬] . p [osm-9⌬] was subsequently sequenced on both strands using a combination of Licor automated sequencing of subclones of this fragment and f mol sequencing of nested deletions.
The osm-9 genomic DNA fragment p [osm-9⌬] failed to detect cDNA clones in ϳ2 ϫ 10 6 plaques of a mixed-stage worm cDNA library. Therefore, osm-9 cDNAs were isolated using a combination of RT-PCR and 3Ј-R ACE (Life Technologies, Gaithersburg, MD). Total RNA was prepared from mixed-stage N2 worms by LiC l precipitation (M. Finney, personal communication). First-strand cDNA was synthesized as described (Aatsinki et al., 1994) using primers in the third ankyrin motif, the sixth putative transmembrane domain of OSM-9, and the 12th exon. These cDNAs were used as templates for PCR amplification using primers to detect SL1 trans-spliced transcripts (Krause and Hirsh, 1987) , a primer in the third ankyrin motif, and a primer in the sixth putative transmembrane domain, respectively. Reactions were subjected to additional rounds of amplification using nested primers. The conditions used for RT-PCR were the following: 30 sec at 94°C, 1 min at 52°C, and 1 min at 72°C for 30 cycles, followed by 10 min at 72°C. Bands of the expected sizes of 900 bp, 1 kb, and 400 bp, respectively, were detected and sequenced. 3Ј-R ACE was used to isolate the 3Ј end of the OSM-9 cDNA. First strand cDNA was synthesized using an oligo(dT)-based primer; the cDNA was then used as a template for PCR amplification using a primer in the 12th exon. The reaction was subjected to additional rounds of amplification using nested primers. The conditions used for PCR were the following: 30 sec at 94°C, 1 min at 52°C, and 1 min at 72°C for 30 cycles, followed by 10 min at 72°C. A band of 600 bp was obtained and sequenced.
Sequencing of osm-9 alleles. Genomic DNA was isolated from N2, osm-9(k y10), osm-9(k y161), osm-9(n1516), osm-9(n1601), osm-9(n1603) , and osm-9(n2743) worms as described (K lein and Meyer, 1993) . Fragments of osm-9 genomic DNA were PCR-amplified using primers within introns and sequenced using 33 P end-labeled primers. At least one strand of the open reading frame of all 14 exons, their splice junctions, and ϳ30 bp beyond the 3Ј and 5Ј boundaries of each open reading frame were sequenced. The exons containing mutations were sequenced on both strands. To define the breakpoints of the n1601 deletion, primers flanking the deletion were used to amplif y and sequence the region; the n1601 deletion breakpoints reside in the first and fourth introns with a 12 nucleotide insertion between the breakpoints. The splice junctions are apparently unaffected by the deletion.
Generation of osm-9 e xpression constructs. All osm-9::GFP f usions were made using the green fluorescent protein (GFP) expression vector pPD95.77 ) (A. Fire, S. Xu, N. Ahnn, and G. Seydoux, personal communication). The GFP gene used in these experiments contains five engineered introns and the S65C mutation (Heim et al., 1995) . osm-9 sequences for osm-9::GFP1, osm-9::GFP2, and osm-9::GFP4 were amplified from a subclone of the genomic region in pBluescript. For osm-9::GFP1 and osm-9::GFP2, PCR was performed using the T7 primer and an osm-9 primer designed to contain a BamHI site at one end. Reaction conditions were 30 sec at 94°C, 1 min at 60°C, and 4 min at 72°C for 15 cycles, followed by 10 min at 72°C. The resulting PCR products were cloned into the SalI and BamHI sites of pPD95.77. Junctions were verified by sequencing.
The transcriptional osm-9::GFP1 f usion gene was constructed by ligating ϳ1.6 kb of upstream promoter sequence and part of the 5Ј untranslated region into pPD95.77. The translational f usion osm-9::GFP2 contained 80 additional nucleotides and extended through the first six amino acids of osm-9. osm-9::GFP4 contained the entire osm-9 coding region, with GFP f used in-frame to the last amino acid of OSM-9 at an AvrII site designed into the PCR primer. The osm-9::GFP5 f usion gene was constructed by cloning the XbaI-AatII fragment of pPD95.77 into the AgeI Figure 2 . osm-9 mutants do not avoid high osmotic strength. Animals were placed on an agar plate within a 1-cm-high osmotic strength ring consisting of 10 -15 l of 4 M fructose. Assays were scored after 10 min for retention or escape from the ring. Fraction that Avoid ϭ (number of animals retained by the fructose ring)/(total number of animals assayed). A fraction of 1.0 represents complete osmotic avoidance; a fraction of 0 indicates that all animals escaped the ring. Each data point represents responses of at least 30 animals. Error bars denote the 95% confidence intervals. and AatII sites of the osm-9 gene in p [osm-9] . This creates an in-frame f usion of OSM-9 to GFP at residue 832 of OSM-9 and retains ϳ3 kb downstream of the osm-9 stop codon. The osm-9::GFP3 f usion gene was constructed by deleting an AatII to SacI fragment from osm-9::GFP5 and religating the vector. Transgenic animals were viewed by fluorescence microscopy; cell identifications were made using Nomarski images of the same animals to determine cell position and morphology (White et al., 1986) . In all cases, cells were observed in well fed animals raised under uncrowded conditions (Brenner, 1974) . All transgenes were expressed in all larval stages and in adults. All neurons expressing osm-9::GFP5 were identified in 12 animals with robust fluorescence; 11 of 12 animals showed expression in ASH. AWA expression but no ASH expression was observed in Ͼ20 animals expressing osm-9::GFP3.
Generation of ZC21.2 e xpression constructs. Approximately 4 kb of sequence upstream of the predicted start site of the C. elegans trp homolog Z C21.2 was amplified from genomic DNA using a 5Ј primer with an introduced SphI site and a 3Ј primer with an introduced XbaI site. The upstream region extended either to the 10th predicted residue of Z C21.2 or to the 111th predicted residue of Z C21.2; the latter f usion gene included the first two predicted introns of Z C21.2. A third construct included both upstream regions and 2.8 kb downstream of the stop codon of Z C21.2. The amplified fragments were cloned into the expression vector pPD95.79. E xpression was examined as described above; all clones gave similar expression patterns (n Ͼ 40 animals; at least three independent lines per construct). At least 10 independent animals showing robust expression were specifically determined not to have expression in ASH and AWA.
RESULTS

osm-9 mutants are defective in AWA olfactory responses and ASH avoidance responses
Six recessive alleles of osm-9 have been identified on the basis of defective responses to odorants, high osmotic strength, or light touch to the nose (J. Thomas, J. Kaplan, P. Sengupta, personal communication) . All six osm-9 mutants were defective in chemotaxis to the AWA-sensed odorants diacetyl and pyrazine, but were proficient in chemotaxis to the AWC-sensed odorants benzaldehyde, butanone, and isoamyl alcohol (Fig. 1) . osm-9 mutants responded normally to trimethylthiazole, which is sensed redundantly by the AWA and AWC neurons. Although osm-9 mutants have robust responses to all concentrations of AWC-sensed odorants, their olfactory adaptation after prolonged exposure to the AWC-sensed odorants isoamyl alcohol and butanone is diminished .
osm-9 mutants displayed normal chemotaxis to the watersoluble attractants sodium chloride and lysine (data not shown). Chemotaxis to sodium chloride is mediated mainly by the ASE sensory neurons, whereas chemotaxis to lysine also involves the ASK sensory neurons (Bargmann and Horvitz, 1991) .
The ASH sensory neurons mediate avoidance responses to is depicted, along with the location of the n1601 deletion and the n1603, n1516, k y10, n2743, and k y161 point mutations. Boxes indicate exons; SL1 refers to the site of attachment of the trans-splice leader SL1 (Krause and Hirsh, 1987) . The YAC Y44E2, the phage 2-12, and three subclones of the phage were assayed for their ability to rescue the osm-9 diacetyl chemotaxis defect. Rescue of diacetyl response ϭ (number of independent transformed lines with a diacetyl chemotaxis index Ͼ0.4)/(total number of lines assayed). The subclone p[osm-9] also rescued the osm-9 nose-touch defects (A. Hart, personal communication; data not shown) and osmotic avoidance defects (Fig. 5E ). Rescuing phage and phage subclones contain ϳ1.6 kb of upstream sequence; p [osm-9] contains 3 kb of downstream sequence.
high osmotic strength, light touch to the nose, and volatile repellents (Bargmann et al., 1990; Kaplan and Horvitz, 1993; Troemel et al., 1995) . Three osm-9 alleles were identified in screens for osmotic avoidance-defective mutants (J. Thomas, personal communication), and all six osm-9 mutants displayed defects in the osmotic avoidance response (Fig. 2) . One osm-9 allele was identified in a screen for nose-touch defective mutants (J. Kaplan, personal communication), and all six osm-9 mutants fail to re- Figure 4 . Sequence analysis of OSM-9. A, Predicted amino acid sequence of the osm-9 cDNA. Amino acids are numbered beginning at the first methionine. Underlined reg ions correspond to the three ankyrin motifs found in osm-9. Bold underlined reg ions correspond to the six putative transmembrane domains identified by hydrophobicity analysis. Boxed amino acid residues denote sites of amino acid substitutions in osm-9 mutant alleles. The corresponding substitutions are identified in the marg in. The amino acid residues deleted in the n1601 allele are brack eted by ⌬s. B, Hydrophobicity plot of OSM-9 derived by Kyte-Doolittle hydropathic analysis (Kyte and Doolittle, 1982) . Predicted transmembrane domains are numbered 1 through 6. C, Comparison of the sixth predicted transmembrane domains of OSM-9, Drosophila TRP (dTR P), Drosophila TRPL (dTR PL), the C. elegans TRP homolog ZC21.2 (cTR P), and three human TRP genes hTR PC1, -2, and -3 (Wes et al., 1995) , the predicted C. elegans genes T10B10.7, T01H8.5, and F54D1.5, and human EST zf57d10.s1 (Soares human retina cDNA). Numbers indicate the amino acid residues shown. Residues shared between at least 5 of the 11 genes are shaded. The hydrophobic putative transmembrane domain is underlined. All of the predicted C. elegans clones have an overall structure reminiscent of TRP, with six hydrophobic domains; the human cDNAs share this structure as far as they extend. D, Sequence alignment of the OSM-9 ankyrin motifs. A comparison of the three OSM-9 ankyrin motifs with the ankyrin consensus motif (designated A NK CON ) is shown (Hatada et al., 1992) . Numbers indicate the amino acid residue number at the start of each ankyrin motif. Residues identical with those of the consensus are shaded. An asterisk is placed over the consensus glycine residue that is altered in the first and second ankyrin motifs, respectively, in the n1516 and n2743 alleles. Figure 5 . osm-9::GFP f usion genes are expressed in a subset of sensory neurons. A, osm-9::GFP f usion genes. Three regions that regulate GFP expression in particular cell types are indicated. All osm-9::GFP f usion genes were examined in at least three independent transgenic lines. B, A lateral view of the head of a transgenic animal expressing the osm-9::GFP2 f usion gene. GFP is expressed in the four OL Q mechanosensory neurons and in the AWA and ADL amphid chemosensory neurons. All neurons are bilaterally symmetric, and only those on the left side are (Figure legend continues) spond to nose-touch stimuli (see Materials and Methods). Avoidance of body touch is mediated by six nonciliated sensory neurons (Chalfie and Sulston, 1981) ; this response is normal in osm-9 mutants.
The avoidance of high concentrations of benzaldehyde depends on the ASH sensory neurons (Troemel et al., 1995) , and this response was defective in osm-9(k y10) animals (Table 1) . Ninety percent of wild-type animals reversed their movement within 20 sec of exposure to a source of undiluted benzaldehyde, whereas only 50% of osm-9 mutants avoided the odorant. K illing the ASH neurons in osm-9 mutants did not affect their residual benzaldehyde response, indicating that the ASH component of avoidance is absent in the mutants.
To determine whether osm-9 affects the development or survival of sensory neurons, AWA and ASH neurons were visualized in osm-9(k y10) mutants by using an odr-7::GFP f usion gene that is expressed only in AWA (Sengupta et al., 1994) and by using DiO filling, which stains ASH and five other anterior sensory neurons (Herman and Hedgecock, 1990) . The cell bodies, axons, and dendrites of these neurons were superficially normal in osm-9 mutants (data not shown). We conclude that osm-9 is required for all known f unctions of AWA and ASH neurons but not for the survival or differentiation of those neurons. However, osm-9 is not essential for the sensory f unctions of the AWC, ASE, or ASK neurons.
osm-9 encodes a potential channel related to TRP channels osm-9 was mapped to chromosome IV in the genetic interval between cha-1 and unc-33 (see Materials and Methods). This interval is spanned by the YAC Y44E2, which conferred germline rescue of the osm-9 diacetyl chemotaxis defect (Fig. 3A,B) . A genomic phage clone from this region also rescued the olfactory defect of osm-9 mutants (2-12), as did a 14 kb fragment of this phage ( p[osm-9] ) (Fig. 3B) . A smaller 7 kb fragment designated p [osm-9⌬] partially rescued the diacetyl chemotaxis defect of osm-9. Sequencing and RT-PCR cDNA analysis revealed a single potential osm-9 transcript in this 7 kb region.
osm-9 encodes a predicted protein of 937 amino acids ( Fig.  4 A) ; the genomic organization of the osm-9 coding region is shown in Figure 3B . The OSM-9 protein has six hydrophobic regions that may correspond to membrane-spanning domains but no signal sequence, suggesting that the long amino and C termini are cytoplasmic (Fig. 4 B) . A BLAST search of the GenBank database revealed similarity between osm-9 and the Drosophila TRP channel family in the vicinity of the sixth putative transmembrane domain (Fig. 4C ). This region is strongly conserved between TRP family members. The overall structure of OSM-9 is also reminiscent of TRP. Like the Drosophila TRP channel (Montell and Rubin, 1989; Phillips et al., 1992; Wes et al., 1995) , OSM-9 contains ankyrin motifs in its amino terminus (Fig. 4 D) , six predicted membrane-spanning regions, and a hydrophilic C terminal domain. The ankyrin motifs of OSM-9 are no more similar to those of TRP than to the ankyrin consensus motif.
Additional sequence searches with osm-9 reveal that the TRP channel family is much larger and more divergent than was previously known (Fig. 4C) . In addition to other clones from C. elegans, we identified a human retinal expressed sequenced tag (EST) that seems to encode a divergent TRP-like gene. All of these genes have numerous membrane-spanning domains, and all share structural and sequence similarity in the region that is conserved between TRP and OSM-9.
To confirm the identity of osm-9, the coding regions and intron/ Figure 5 continued.
visible in this focal plane. The f usion protein is present at high levels at the base of the OL Q cilia, but it is only weakly expressed in the cilia themselves. C, A lateral view of the head of a transgenic animal expressing the osm-9::GFP3 f usion gene, which encodes a GFP-tagged OSM-9 protein. GFP is localized to the OLQ and AWA cilia at the tip of the nose (arrows), but little GFP is present in the cell bodies, axons, or dendrites. ADL expression is weaker or absent in these lines. The f usion gene deletes the last 105 amino acids of OSM-9; when GFP is f used to the last amino acid of OSM-9 (osm-9::GFP4), a similar but fainter expression pattern is observed. D, A lateral view of the head of a transgenic animal expressing the osm-9::GFP5 fusion gene. GFP expression is present in the OL Q and IL2 sensory neurons and in the AWA, AWC, ASE, ADF, ASG, ASH, ASI, ASJ, ASK, and ADL amphid chemosensory neurons. In more posterior parts of the animal, the FL P, PV D, PHA, and PHB sensory neurons, the ventral uterine cells, and the rectal gland cells also express osm-9::GFP5. E, Rescue of osm-9 chemotaxis and osmotic avoidance by osm-9::GFP f usion genes. exon boundaries of the six mutant osm-9 alleles were sequenced (Figs. 3B, 4A ). Three potential null alleles result in early termination of the OSM-9 protein. The n1603 mutation converts glutamine 112 in the third exon to a stop codon, the k y10 mutation converts glutamine 173 in the fifth exon to a stop codon, and the ky161 mutation converts glutamine 257 in the fifth exon to a stop codon. The n1601 allele represents a deletion of the second, third, and fourth exons of the osm-9 gene. The n1516 and the n2743 alleles have missense mutations that convert a glycine residue to an aspartate or a glutamate, respectively; these glycine residues occupy analogous conserved positions in the first and second ankyrin motifs of osm-9 (Hatada et al., 1992) (Fig. 4 D, marked with an asterisk). The missense mutations confer a phenotype similar to that seen in the putative null alleles.
osm-9::GFP fusion genes are expressed in a subset of sensory neurons
To determine where osm-9 acts to affect sensory responses, we examined its expression pattern by constructing f usions between the GFP reporter gene and osm-9 . These experiments defined three regulatory regions in the osm-9 gene: an upstream region that directed expression in ADL and OLQ neurons, a region near the start site that was necessary for expression in AWA neurons, and a region 3Ј of the stop codon that directed expression in several additional neurons ( Fig. 5A ; and data not shown). Thus, a transcriptional fusion of GFP with 1.5 kb of the osm-9 upstream region was expressed in the two ADL chemosensory neurons and the four OLQ mechanosensory neurons (osm-9::GFP1) ( Fig. 5A ; and data not shown), whereas a slightly longer fusion gene including the first six amino acids of OSM-9 was expressed in ADL, OLQ, and the AWA olfactory neurons (osm-9::GFP2) (Fig. 5A,B) . Including the entire osm-9 coding region in the osm-9::GFP fusion gene gave the same pattern of AWA, ADL, and OLQ expression observed with osm-9::GFP2 (osm-9::GFP3, osm-9::GFP4 ) ( Fig. 5A,C; and data not shown). However, an osm-9 fusion gene with ϳ3 kb of sequence downstream of the osm-9 stop codon was expressed in numerous additional sensory neurons, including the OLQ and IL2 neurons in the anterior ganglion, the AWA, AWC, ASE, ADF, ASG, ASH, ASI, ASJ, ASK, and ADL neurons in the amphid sensory structure, the FLP and PVD neurons in the body, and the PHA and PHB neurons in the phasmid sensory structure (osm-9::GFP5) (Fig. 5A,D) . OLQ, ASH, FLP, and PVD have mechanosensory functions, whereas the other neurons are either presumed or known to be chemosensory. osm-9::GFP5 was also Figure 6 . A C. elegans trp gene is expressed in motor neurons and muscles. A, E xpression of Z C21.2::GFP. Strong expression is present in all RMD, SMD, SMB, RIA, RI B, and RIM motor neurons in the head, many classes of motor neurons in the ventral nerve cord, the BAG sensory neurons, the AVA and SIA interneurons, two pharyngeal neurons, and the vulval and intestinal muscles. No expression was observed in cells that expressed osm-9::GFP fusion genes. Dusenbery et al., 1975; Bargmann and Horvitz, 1991 . f Ohshima, 1995. g Colbert and expressed in the non-neuronal rectal gland cells and in a few cells in the ventral uterine region. The importance of the 3Ј regulatory region was tested further by examining its role in two f unctions of osm-9: olfaction and osmotic avoidance. The osm-9::GFP3 and osm-9::GFP5 clones differ from one another only by the presence of the 3Ј regulatory region; these clones were tested for rescue of two osm-9 mutant phenotypes (Fig. 5E) . osm-9::GFP5 rescued both diacetyl chemotaxis and osmotic avoidance, consistent with its expression in both AWA and ASH, whereas osm-9::GFP3 rescued only diacetyl chemotaxis, consistent with its expression in AWA but not ASH. These results indicate that different f unctions of osm-9 can be rescued by different transgenes and suggest that osm-9 acts cellautonomously within chemosensory neurons.
The subcellular localization of GFP-tagged OSM-9 protein in the sensory neurons was also examined. The AWA and OLQ neurons extend sensory processes that terminate in cilia near the tip of the nose. osm-9::GFP3 and osm-9::GFP4 were strongly localized to the sensory cilia of these two cell types ( Fig. 5C ; and data not shown). This localization is consistent with a direct role of osm-9 in sensory transduction. However, many of the neurons that expressed osm-9::GFP5 did not show the strong enrichment of OSM-9::GFP protein in the cilia that was observed in OLQ and AWA (compare Fig. 5, C and D) . osm-9::GFP3 and osm-9::GFP5 should encode identical proteins, but these proteins may not be localized to the same degree in all sensory neurons.
A C. elegans trp homolog is not coexpressed with osm-9
Many ion channels are heteromultimers composed of several related subunits, leading us to examine the C. elegans gene ZC21.2, which is highly similar to the Drosophila TRP and TRPlike (TRPL) genes (Sulston et al., 1992; Wes et al., 1995) (Fig. 4) . To determine whether Z C21.2 might also f unction in olfactory transduction, expression of several Z C21.2::GFP fusion genes was analyzed (see Materials and Methods). The upstream and downstream regions of this gene drove GFP expression in a set of cells that did not overlap with those expressing osm-9::GFP fusions, including motor neurons, interneurons, vulval and intestinal muscles, and a single putative sensory neuron, BAG (Fig. 6 ). Although these f usion gene patterns may be incomplete, the lack of overlap between their expression patterns indicates that osm-9 and Z C21.2 are unlikely to encode two subunits of the same channel.
DISCUSSION
The TRP-related protein OSM-9 is required for an alternative olfactory transduction pathway OSM-9 is required for all known f unctions of the AWA olfactory neurons and the ASH polymodal sensory neurons. Interestingly, ciliated sensory neurons require either osm-9 or the cyclic nucleotide-gated channel genes tax-2 and tax-4 to perform their function (Table 2) . Each gene acts in multiple sensory modalities: osm-9 in olfaction, osmosensation, and touch, and tax-2 and tax-4 in olfaction, thermosensation, and taste.
The similarity of OSM-9 to TRP channels suggests that it might function as an alternative sensory channel in AWA olfactory neurons. C. elegans olfactory neurons recognize odorants using seven transmembrane domain receptors (Troemel et al., 1995; Sengupta et al., 1996) . For example, the AWA neurons sense diacetyl through the predicted G-protein-coupled receptor encoded by the odr-10 gene (Sengupta et al., 1996) . ODR-10 fusion proteins are localized to the AWA olfactory cilia, where the OSM-9 protein also resides. These data suggest that OSM-9 acts with ODR-10 and other olfactory receptors in a G-proteinmediated olfactory pathway; however, these genetic experiments do not demonstrate a direct action of OSM-9 in sensory transduction.
In C. elegans, the two major types of olfactory receptor neurons respond to odorants in different ways. The AWC neurons require the TAX-2/TAX-4 cyclic nucleotide-gated channel (Coburn and Bargmann, 1996; Komatsu et al., 1996) , whereas the AWA neurons do not require TAX-2 and TAX-4 but do require OSM-9. It is striking that OSM-9 is related to the only other known Gprotein-regulated sensory transduction channel, the TRP/TRPL channel that mediates the light-activated conductance in the Drosophila visual system (Peretz et al., 1994a,b; Vaca et al., 1994; Niemeyer et al., 1996) . Like OSM-9, the TRP and TRPL proteins have six transmembrane domains and several ankyrin repeats. During phototransduction, activation of the G-protein-coupled receptor rhodopsin leads to stimulation of phospholipase C and an increase in inositol triphosphate (IP 3 ) (Ranganathan et al., 1995) . The subsequent mechanism of TRP and TRPL activation is controversial. Some evidence suggests that TRP participates in a capacitative (or store-operated) process, in which depletion of internal IP 3 -gated calcium stores activates a replenishing plasma membrane conductance (Berridge, 1995; Zhu et al., 1996) . When TRP or its human homologs are expressed in heterologous cells, they can induce channels that are activated by thapsigargin, which depletes internal calcium stores (Vaca et al., 1994; Peterson et al., 1995; Zitt et al., 1996) . However, thapsigargin treatment does not mimic or abolish photoexcitation in Drosophila photoreceptors (Ranganathan et al., 1994; Hardie, 1996) . The precise relationship between TRP, IP 3 , and the store-operated channels remains elusive.
OSM-9 is unlikely to be the C. elegans TRP homolog, because the C. elegans ZC21.2 gene is much more similar to trp than either is to osm-9 (Wes et al., 1995) . Moreover, analysis of C. elegans sequences and mammalian ESTs reveals a greater variety of TRP family members than was previously described. We speculate that trp-related genes might share common regulatory mechanisms. One possibility is that OSM-9 is involved in an IP 3 signaling pathway, a model that is especially intriguing because IP 3 pathways are implicated in some forms of chemosensation. In Drosophila, phospholipase C is required for odor responses (RiesgoEscovar et al., 1995) . Individual lobster olfactory receptor neurons seem to express two different transduction channels: odorant-induced opening of cyclic nucleotide-gated channels results in a hyperpolarizing conductance, whereas odorant-induced opening of plasma membrane IP 3 -gated channels results in a depolarizing conductance (Fadool and Ache, 1992; Ache and Zhainazarov, 1995) . Vertebrate olfactory receptor neurons have odorant-stimulated IP 3 signaling pathways (Boekhoff et al., 1990; Miyamoto et al., 1992) , but their function is unclear (Jaworsky et al., 1995; Brunet et al., 1996) . In addition, bitter-tasting compounds stimulate the production of IP 3 in vertebrate taste cell membranes (Spielman et al., 1996) . Although these data raise interesting possibilities for OSM-9 function, expression of OSM-9 in Xenopus oocytes does not result in the appearance of IP 3 -gated, thapsigargin-gated, or voltage-gated channels (E. Reuveny, T.L.S., Liqin Tong, C.I.B., and L. Jan, unpublished data).
OSM-9 may participate in olfactory adaptation, but not transduction, in AWC olfactory neurons osm-9 seems to play a regulatory role in the AWC olfactory neurons, where the cyclic nucleotide-gated channel encoded by tax-2 and tax-4 has a more central role in olfaction. When C. elegans is exposed to high concentrations of an odorant for minutes or hours, its response to that odorant is diminished by olfactory adaptation . osm-9 mutants are defective in adaptation to two AWC -sensed odorants, butanone and isoamyl alcohol, but normal in adaptation to the AWC -sensed odorant benzaldehyde . For these responses, osm-9 affects only adaptation and not olfactory acuity: the AWC olfactory responses of naive osm-9 animals are normal across the entire range of odorant concentrations. This osm-9 f unction is reminiscent of the light adaptation function of the Drosophila TRP channel (Minke, 1982) . The TRP channel contributes to adaptation of the photoresponse by mediating calcium influx into photoreceptors (Minke, 1982; Peretz et al., 1994a,b; Hardie, 1996) . osm-9-dependent adaptation differs from TRP adaptation in two respects. First, the light adaptation affected by trp occurs within seconds of light exposure, whereas OSM-9 affects adaptation processes occurring over minutes or hours of odorant exposure. Second, trp contributes both to phototransduction and to adaptation, whereas osm-9 affects only adaptation in AWC neurons.
osm-9::GFP f usion genes are coexpressed with tax-2 and tax-4 in the ASE, ASG, ASI, ASJ, and ASK chemosensory neurons. ASE-and ASK-mediated chemotaxis depend on ta x-2/tax-4 but not on osm-9; these cells might also use osm-9 for a regulatory function such as adaptation.
Ciliated mechanosensory neurons require osm-9 function osm-9 also f unctions in one of two alternative pathways for mechanosensation. C. elegans responds to at least two distinct classes of mechanosensory stimuli: body touch and nose touch. The response to body touch is mediated by six nonciliated sensory neurons with processes that run along the body of the worm, under the epidermis (Chalfie and Sulston, 1981) . The mechanosensory channel for body touch may be encoded by the mec-4 and mec-10 genes; M EC -4 and M EC -10 belong to a family of ion channels that includes the mammalian amiloride-sensitive epithelial sodium channel (Driscoll and Chalfie, 1991; Hong and Driscoll, 1994; Huang and Chalfie, 1994) . The nose-touch response is primarily mediated by the ciliated amphid neuron ASH, with minor components of the response contributed by the FLP and OL Q ciliated neurons (Kaplan and Horvitz, 1993) ; all of these neurons express osm-9::GFP f usion genes. mec-4 and mec-10 are not required to sense nose touch, and osm-9 is not required for responses to body touch. On the basis of its phenotype and expression pattern, OSM-9 represents a candidate mechanosensory channel in ciliated touch neurons. It might be directly gated by mechanical stimuli, or it could be regulated by G-protein-coupled receptors; mechanosensation by muscle cells in rat cerebral arteries may proceed through a G-proteinmediated pathway (Osol et al., 1993) . Alternatively, osm-9 could indirectly regulate touch responses, for example, by regulating the ionic concentrations in sensory cilia. The localization of the OSM-9::GFP protein to the OL Q cilia is intriguing, because it is the first potential channel protein seen to be enriched in the sensory apparatus of mechanosensory neurons.
The ASH neurons also sense both volatile repellents and osmotic stimuli, and osm-9 mutants are defective in both of these responses. osm-9 is not related to other putative osmosensory proteins, such as the mscL gene in E. coli, which encodes a mechanosensitive channel (Sukharev et al., 1994) , or the yeast SLN1 gene, which encodes a membrane protein with regions of homology to the histidine kinase sensor and the response regulator of bacterial two-component systems (Maeda et al., 1994) . In the ASH neurons, osmosensation and mechanosensation can be separated genetically, so they are not identical sensory modalities (Hart et al., 1995; Maricq et al., 1995) . Our observations and those in Drosophila indicate that TRPrelated genes have key roles in four invertebrate sensory modalities: vision, olfaction, osmosensation, and mechanosensation. In C. elegans, the same gene, osm-9, can have either an essential function or a modulatory function in different sensory neurons. It will be interesting to determine whether related proteins function in some of the sensory modalities that remain poorly understood in vertebrates, such as vomeronasal olfaction, mechanotransduction, and taste.
